Introduction
Since the fact that the metal-to-ligand charge-transfer state of [Ru(bpy)3] 2+ could undergo excited-state electron transfer, a series of studies have been undertaken to utilize this fact in solar-energy conversion schemes. [1] [2] [3] These complexes are also promising candidates for ideal photocatalysts for the visiblelight photo-induced decomposition of water into dihydrogen and dioxygen. Recently, metal polypyridine complexes are being widely used as building blocks. [4] [5] [6] [7] Particularly, the occurrence of isomers is a major problem in the design of supramolecular systems by the synthetic assembly of mononuclear building blocks; terpyridine ligand is superior to the bidentate one from a structural point of view. 5 Along with this structural advantage, however, terpyridine complexes have a serious drawback involving a photophysical property. Terpyridine complexes tend to have a relatively short-lived 3 MLCT and to be weak emitters. 5 The iridium complexes with terpyridine have intensive phosphorescence states at room temperature, and show excitedstate lifetimes in the microsecond region, while the ruthenium complexes with terpyridine give measurable emission states only at low temperatures. The stronger spin-orbit coupling mixes singlet and triplet excited states for iridium, leading to efficient phosphorescence. 8 A variety of bridging ligands have been used to bring together metals into a polymetallic system. One of the most commonly utilized bridging ligands mentioned in the literature is 2,3-bis(2-pyridyl)pyrazine (dpp). [9] [10] [11] [12] [13] Interest in this ligand arises from its ability to form stable polymetallic complexes that typically display observable emissions at room temperature.
Here, we report on the synthesis and photophysical and electrochemical properties of the first luminescent redox-active dinuclear Ru-Ir system in which the electron-poor (2,3-dpp)polypyridine bridging ligand is present. This bridging ligand can mediate metal-metal communication by a superexchange mechanism, essentially based on low-lying empty π* orbitals of the bridge (electron-transfer pathway). The formula of the compound is [(terpy)ClIr(dpp)Ru(terpy)Cl] 3+ 9; terpy = 2,2′:6,2″-terpyridine. A schematic representation of 9 is also given in Fig. 1 (9) were prepared and characterized. Abbreviations of the ligands are bpy = 2,2′-bipyridine, dmbpy = 4,4′-dimetyl-2,2′-bipyridine, dpbpy = 4,4′-diphenyl-2,2′-bipyridine, dpp = 2,3-bis(2-pyridyl)pyrazine, sambpy = 4,4′-bis((S)-(+)-α-1-phenylethylamido)-2,2′-bipyridine, and terpy = 2,2′:6′,2″-terpyridine. The absorption spectra of 8 and 9 are dominated by ligand-centered bands in the UV region and by metal-to-ligand charge-transfer bands in the visible region. The details of their spectroscopic and electrochemical properties were investigated. In both binuclear complexes, it has been found that the HOMO is based on the Ru metal, and LUMO is dpp-based. [ (10) were synthesized by a reported method. 14 
Electrochemistry
Differential pulse voltammograms (DPV) were measured on a BAS 50W electrochemical analyzer fitted with a three-electrode system consisting of a glassy carbon working electrode, a platinum auxiliary electrode, and an Ag/AgCl reference electrode (0.29 V versus NHE).
Experiments were performed for an acetonitrile solution of the complexes (5.0 × 10 -4 M) and 0.05 M TBAP under a nitrogen atmosphere at a scan rate of 20 mV/s, a pulse height of 75 mV, and a duration of 50 ms.
Other measurements
Absorption spectra were recorded with a Hitachi U-3010 spectrophotometer. Luminescence studies were made with dilute (10 -6 M) acetonitrile solutions at room temperature using a Hitachi F-2500 spectrofluorometer. Emission lifetimes were measured in deaerated acetonitrile solutions using a Horiba nsspectrofluorometer (NAES-500).
The emission quantum yields for the iridium complexes were determined in acetonitrile at room temperature relative to a solution containing Ru(bpy)3 2+ and having the same absorbance. The emission quantum yields for the iridium complexes were determined by comparing the integrated emission spectra and using Φem = 0.062 for the standard. 15 
Microwave techniques
The complexes were synthesized by using a Mitsubishi Electric microwave oven (Model; RR-12AF; 500 W, 2450 MHz) on medium-high power in a round-bottom flask fitted with a reflux condenser.
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Synthesis of the mixed-ligand complexes [RuCl(L)(terpy)]
+
[RuCl3]·H2O (0.113 g, 0.5 mmol) and terpy (0.117 g, 0.5 mmol) were mixed in ethylene glycol (15 ml). After the suspended mixture was refluxed for 5 min in a microwave oven under a purging nitrogen atmosphere, L was added to the refluxing solution for 10 min. It was then cooled to room temperature. A saturated aqueous solution of KPF6 (20 ml) was added, and was isolated as hexafluorophosphate salts.
Synthesis of the mixed-ligand complexes [RuCl(sambpy)(terpy)] + (3)
[RuCl3]·H2O (0.113 g, 0.5 mmol) and terpyridine (0.117 g, 0.5 mmol) were mixed in ethylene glycol (15 ml). After the suspended mixture was refluxed for 5 min in microwave oven under a purging nitrogen atmosphere, sambpy was added to the refluxing solution for 10 min. It was then cooled to room temperature. A saturated aqueous solution of KPF6 (20 ml) was added and was isolated as hexafluorophosphate salts. 18 
Synthesis of [Ru2Cl2(terpy)2(dpp)](PF6)2 (8)
The desired complex was prepared by a sequential procedure with ligand replacement. RuCl3·H2O (1.0 mmol) and dpp (0.128 g, 0.5 mmol) were mixed in ethylene glycol (15 ml). After the suspended mixture was refluxed for 7 min in a microwave oven under a purging nitrogen atmosphere, terpy (1.0 mmol) was added to the refluxing solution after 7 min. Next, the mixture was cooled to room temperature. The saturated aqueous solution of KPF6 (20 ml) was added and a black-red precipitate began to appear. The structural formula of the mixed-ligand complex [Ru2Cl2(terpy)2(dpp)](PF6)2 is shown in Fig. 1 .
Synthesis of [IrRuCl2(terpy)2(dpp)](PF6)3 (9)
The desired complex was prepared by a sequential procedure with a ligand replacement. (NH4)3[IrCl6] (0.5 mmol) and dpp (0.128 g, 0.5 mmol) were mixed in ethylene glycol (15 ml). After the suspended mixture was refluxed for 7 min in a microwave oven under a nitrogen atmosphere, RuCl3·H2O (0.5 mmol) was added to the refluxing solution, and after 7 min, terpy (1.0 mmol) was added. The mixture was then cooled to room temperature. A saturated aqueous solution of KPF6 (20 ml) was added and a black product began to precipitate. The purity of the colored complex was checked by a thin-layer chromatograph. The structural formula of the mixed-ligand complex [IrRuCl2(terpy)2(dpp)](PF6)3 is shown in Fig. 1 
Results and Discussion
Absorption properties
The electronic absorption spectra for 1 and 4 are shown in Fig. 2 . The electronic absorption spectra for ruthenium polypyridyl complexes typically contain π-π* and n-π* bands in the ultraviolet region and MLCT transitions in the visible region. The lowest-energy transition at 501 nm in 4 has been assigned as overlapping Ru(dπ)→bpy(π*) and Ru(dπ)→ terpy(π*) MLCT transitions, the latter occurring at a slightly lower energy. The lowest-energy transition at 496 nm in 1 has been assigned as overlapping Ru(dπ)→dmbpy(π*) and Ru(dπ)→terpy(π*) MLCT transitions. Figure 2 contains the electronic absorption spectra of 3. The coordination of sambpy results in three bands at 441, 474, and 517 nm. The band at 517 nm is assigned as a Ru(dπ)→ sambpy(π*) MLCT transition, since the electrochemical data indicate that 3 is more easily reduced than 4 vide infra. The band at 474 nm is assigned as a Ru(dπ)→terpy(π*) MLCT transition. Table 1 lists the absorption-band maxima and intensities obtained at room temperature.
The intense absorption bands in the UV region are due to ligand-centered ( 1 LC) transitions, and those occurring in the visible region are due to metal-to-ligand ( 1 MLCT) transitions. In particular, the MLCT band maxima occurred at longer wavelengths than that for Ru(terpy)(bpy)Cl, λsambpy > λbpy. The change in the band maximum can be understood in terms of delocalization effects of the electron-withdrawing ligands. This result is consistent with the report that both electron-donating and electronwithdrawing substituents caused red-shifts in the absorption and emission. 15 The electronic absorption spectral data in acetonitrile of the new bimetallic complex, 9, as well as that of monometallic precursors and bimetallic Ru analogues, are assembled in Table  1 and Fig. 3 . The UV regions of the spectra for all of these complexes show dpp and terminal ligand (terpy) π→π* transitions. The visible regions of the spectra are dominated by overlapping Ru(dπ)→BL(π*) and Ru(dπ)→terpy(π*) chargetransfer transitions with BL-based bands occurring at lower energy. The absorption bands for 7 and 8 in acetonitrile are characterized by high-energy terpy and dpp transittions, with dpp band at 235 nm and terpy bands at 272 nm and 311 nm. 19 Significant spectral differences between these two bimetallics becomes apparent when the visible regions of the spectra are compared. The lowest-energy transition at 516 nm for 8, which contains the Ru(dπ)→dpp(π*)CT transition 19 has been observed. A comparison of the electronic absorption spectra of 8 and its monometallic precursor reveals some interesting features. The UV regions of the spectra for both complexes are almost identical, consisting of dpp and terpy basedπ→π* transitions. The coordination of monometallic precursor 7 to the Ru(terpy)Cl subunit, blue shifts slightly terpyπ→π* from 276 to 272 nm and 314 to 311 nm. On the contrary, red shifts of the MLCT transitions of 8 from 475 to 479 nm and 514 to 516 nm were observed, arising from stabilizing the dpp(π*) orbitals and destabilizing terpy(π*) orbitals.
The UV regions of the spectra for the monometallic 10 and the bimetallic 11 are very similar, with intense intraligand π→π* transitions from terpy to dpp. Upon coordination of the [IrCl(dpp)(terpy)] subunit to the RuCl(terpy), a new band is observed at 480 nm, which can be assigned as the Ru(dπ)→ terpy(π*) transition.
Electrochemistry
The electrochemical properties of ruthenium polypyridine complexes typically show metal-based oxidation and reductions based on each ligand. The ligand terpy is more easily reduced than bpy. This gives rise to mixed-ligand terpy and bpy complexes, in which the lowest unoccupied molecular orbital (LUMO) is localized on the terpy ligand. In ruthenium polypyridyl complexes, the highest occupied molecular orbital (HOMO) is based on the metal center, and oxidative processes are metal based. Table 2 gives electrochemical data for complexes 1, 3, and 4. In complex 4, the oxidation at 0.84 V has been assigned as a Ru(II)/Ru(III) metal-centered oxidation, and the reductions at -1.36 V and -1.51 V have been assigned as terpy/terpy -and bpy/bpy -ligand-centered processes, respectively. In complex 3, the first oxidation at 0.91 V is assigned as a Ru(II)/Ru(III) metal-centered oxidation. The second oxidation at 1.5 V is assigned as terpyridine, which becomes harder to oxidize due to enhanced π backbonding to the terpyridine. On the other hand, the reductions at -0.98 V and -1.19 V shifted to a more positive potential than those of 4 (Fig. 4) . The reductions can be assigned as sambpy/sambpyand sambpy -/sambpy 2-ligand-centered processes, respectively.
Ligand effects appeared in Ru(IV/III) and Ru(III/II) redox potentials. Ru(II) is stabilized by dπ-π*(L) back bonding in the presence of ligands. The Ru(III/II) potentials are 0.84 V for 4 and 0.79 V for 1, where an electron-donating character of dmbpy appears. However, the effect of additional electronwithdrawing dpbpy substituents is small in the Ru(III/II) potentials 3. 15 Using an electron-withdrawing ligand, sambpy, the Ru(III/II) potential 3 was observed at a smaller oxidation potential than that of 4 by 70 mV.
The typical electrochemical properties of ruthenium polypyridine complexes are metal-based oxidation and reductions based on each ligand. The ligand dpp is easier to reduce than the terpy ligand. This gives rise to mixed-ligand terpy and dpp complexes in which the lowest unoccupied molecular orbital (LUMO) is localized on the dpp ligand; in ruthenium polypyridyl complexes, the highest occupied molecular orbital (HOMO) is based on the metal center, and the oxidative processes are metal based.
DPV of 5 in acetonitrile solution shows two distinct waves and a reversible oxidation wave. At a negative potential, the first couples are quasi-reversible and possess variant anodic-tocathodic peak separations (80 -126 mV) at scan rates of between 25 mV and 100 mV/s. From a plot of the peak half width as a function of the pulse amplitude in a differential pulse voltammogram of the complex, the number of electrons associated with the first and second reduction peak is 1. Electrochemical data for complexes 5, 7 and 10 are listed in Table 2 . The first and second reductions of 5 occurred at -1.39 V and -1.55 V, respectively. However, the first and second reductions of 7 occurred at -1.15 V and -1.40 V, respectively. Considering that the ligand dpp is more easily reduced than the terpy ligand, the first reduction of 2 can be assigned as a ligandcentered reduction of dpp. The second process of this complex exhibited the same reduction potential as the first reduction potential of 5. For the polypyridine ligands, the reduction potentials should shift to more negative values in the series: phen, terpy, and dpp. The second process of 6 can be assigned as a terpy ligand-centered reduction. 19 In complex 8, the first and second reductions occur at -1.23 V and -1.46 V, respectively, which are similar to the reduction potentials of 7. When the dpp ligand is coordinated to another metal center to form a bimetallic complex, stabilization of the dpp π* orbital is observed. This leads to a shift to a more positive potential of 1642 ANALYTICAL SCIENCES DECEMBER 2004, VOL. 20 the dpp 0/-couple and the appearance of the dpp 0/-couple prior to the terpy reduction. By considering that the reductions in 8 were observed at the same potentials as those in 7, these reduction processes can be assigned as dpp/dpp -and terpy/terpy -ligand-centered processes, respectively. In complex 9, the first and second reductions occur at -1.13 V and -1.40 V, respectively. The first two processes are assigned as dpp/dppand terpy/terpy -ligand-centered processes of the Cl(terpy)Ir(dpp) subunit, respectively. 16, 20 The electrochemical data for complexes 9 and 10 are summarized in Table 2 .
The oxidation process of Ru(II) polypyridine complexes are known to be metal-centered. In general, ligand effects appear in Ru(IV/III) and Ru(III/II) redox potentials. In complexes 7 and 8, the first oxidations occur at 0.95 V and 0.93 V, respectively. Based on the above considerations, the first waves in complexes 7 and 8 are attributed to the oxidation of the Ru metal center. DPV measurements of 8 showed three peaks at 0.93 V, 1.08 V, and 1.28 V (Fig. 5) . The third oxidation at 1.28 V in complex 8 can be assigned as another Ru metal center. In the first and third oxidation waves, reverse oxidation waves were found for a scan rate of 0.1 V/s. On the other hand, no reverse oxidation wave was found for scan rates of up to 1.0 V/s. The irreversibility in the second oxidation wave is due to a following chemical reaction with the solvent. The second oxidation may be assigned as that of the chloride atom in complex 8, which lead to the formation of a solvent species with different electrochemical properties.
The first oxidation potentials of Ru(III/II) couples are influenced along with the ligands; on the contrary, the potentials of Ir complexes are constant even upon changing the polypyridine ligands. Considering that the oxidation of the central Ir metal is expected to be out of the potential window investigated, the first oxidation at 1.3 V in the complex 9 is assigned as the Ru metal center.
Emission properties
Both 1 and 4 indicate phosphorescence band maxima at λ = 611 nm and 605 nm, respectively, in solution at room temperature. Complex 1 with an electron-donating ligand displays red-shifted emission. The emission maxima and excited-state lifetime of the 1 and 4 systems are listed in Table  3 . It has been reported that in polypyridyl complexes, emission occurs from the 3 MLCT state. The emission spectra for both 1 and 4 at 611 nm (τ = 392 ns) and 605 nm (τ = 107 ns) can be assigned as arising from the 3 MLCT excited state. The introduction of electron-donating ligands into the Ru complex typically results in a significantly longer excited state lifetime in 1, since the energy of the 3 MLCT state decreases due to stabilization of the hole at Ru(III) by an electron donor substituent. 16 The formation of 3 leads to a system that exhibits one phosphorescence band maxima at λ = 613 nm with a lifetime of 440 ns. The emission band-maximum at λ = 613 nm corresponds to Ru(dπ)→sambpy(π*) 3 MLCT phosphorescence (Fig. 6) , since the emission maxima at λ = 613 nm in 3 complex is consistent with those of other ruthenium sambpy complexes. A long excited-state lifetime indicates that the MLCT excited state is greatly stabilized by an electron-withdrawing ligand (sambpy) relative to an electron-donating ligand (dmbpy). The emission data of [RuCl(sambpy)(terpy)] + , which is remarkably more luminescent than the other complexes, are listed in Table  3 . 
